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Abs t r ac t  

An improvement i n   t h e   e v a l u a t i o n  of t h e  CS 
beam p r imary   f r equency   s t anda rd  NBS-6 is be ing  
a t tempted   th rough a r e e v a l u a t i o n  of Rabi   pu l l i ng  
us ing  a r ecen t ly   pub l i shed   t heo ry .  Time o f   f l i g h t  
d i s t r ibu t ion   measurements   and   f requency  measure- 
ments ?-t va r ious   C- f i e ld   va lues   have   been  
performed i n  bo th  beam d i r e c t i o n s .   T h i s   a l l o w s   u s  
t o  model  Rabi pu l l ing   and   hence  more c l e a r l y   s t u d y  
o t h e r   s y s t e m a t i c   e f f e c t s .  

R e s u l t s   p r e s e n t e d   h e r e  show t h e   r e l a t i v e  
magn i tude   o f   t he  two e f f e c t s   ( R a b i   p u l l i n g   a n d  
c a v i t y   p h a s e   s h i f t ) .   Z e r o   c r o s s i n g s   o f   R a b i  
p u l l i n g  are i d e n t i f i e d  and  demonstrated t o  be   nea r  
t h e   C - f i e l d   s e t t i n e s  which  give minimum power 
dependence. The r e s u l t s  are p r e l i m i n a r y   i n   t h e  
s e n s e   t h a t   f u l l   e v a l u a t i o n   o f   R a b i   p u l l i n g   s h o u l d  
i n c l u d e   a n a l y s i s   o f   t h e   e f f e c t   i n   t h e  two beam 
d i r e c t i o n s   a s  a f u n c t i o n   o f   s o u r c e   a n d   d e t e c t o r  
p o s i t i o n ,  i n  o r d e r  t o  b e t t e r   g u a r a n t e e   c o n f i g u r a -  
t i o n   r e p e a t a b i l i t y .  I t  is e x p e c t e d   t h a t   t o t a l  
e v a l u a t i o n  acc r a c y   o f  NaS-6 migh t   i np rove   t o  a 
few times I O - ' '  once   t he   i nd ica t ed   expe r imen t s  a re  
proper ly   per formed  and   ana lyzed .  

I n t r o d u c t i o n  

The end- to -end   cav i ty   phase   sh i f t  is among 
the   ma jo r   unce r t a in ty   sou rces   i n   p r imary  CS beam 
f requency   s t anda rds .  I t  comes f r o m   t h e   r e s i d u a l  
asymmetry e x i s t i n g   i n   t h e  most c a r e f u l l y   b u i l t  
Ramsey cav i ty   snd  i ts  v a l u e  is g iven  by t h e  
formula 11 : 

where L and .l 3re t h e   l e n g t h s  of Ramsey an3  Rabi 
c a v i t i e s ,   a s  shoirn i n   f i g .  1 ,  T is t h e  time of 
f l i g h t  JTOF) through a s i n g l e   R a b i   c a v i t y   f o r  a 
g iven   ve loc i ty   g roup   and  6 (1) is t h e   a v e r a g e  
p h x e   d i f f e r e n c e   o f   t h e  microwave i n t e r r o g a t i n g  
f i e l d   e x p e r i e n c e d  by t h a t   g r o u p   b e t w e e n   f i r s t   a n d  
s e c o n d   c a v i t  The s i z e   o f   t h i s   e f f e c t   c a n   b e  
seve ra l   10 -13 ' in  well designed lon3 c a v i t i e s  c21. 

Var ious   t echniques   have   been   proposed  t o  
avoid  or m i n i m i z e   c a v i t y   p h s s e   s h i f t ,   r a n g i n g   f r o m  
t h e   u s e   o f   s u p e r c o n d u c t i n g   c d v i t i e s  c32 t o   t h e  
d u a l  f requency   technique  [ 4 l .  However t h e  most 
imnediate   approach t o  the   p rob lem is s t i l l  to 
measu re   t he   e f f ec t .   Seve ra l   me thods   have   been  
d e v i s e d   f o r   t h i s   p u r p o s e .  All are  based on  
v a r y i n g   i n  3 c o n t r o l l e d  way one of t h e   a c c e s s i b l e  
v a r i a b l e s   a f f e c t i n g  i t s  v a l u e   i n   ( l ) ,  namely < T >  
or ( t h e   s i g n  of ) <5+(~)>. 
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Fig. 1 .  Schemat i c   and   geomet r i ca l   de f in i t i ons   i n  
an   a tomic  beam wi th  a  Ramsey c a v i t y .  I n  NBS-6 
L=lcm; L=3.75m; and Ld=4.54m. 

I n   t h e   p o u e r   s h i f t  method t h e   e f f e c t i v e  < T >  

is changed by tho  microwave  power  velocity 
s e l e c t i o n ,   b a s e d  on t h e   f a c t   t h a t   t h e   t r a n s i t i o n  
p robab i l i t y   depends   on  T. Averaging  over  T is 
necessary   due  to t h e   l a r g e  TCF window. T h i s  
method is b e s t   a p p l i e d   i f   c o u p l e d   w i t h  beam 
r e v e r s a l  C51. I n   t h e   p u l s e  method  C6,71  the same 
e f f e c t  is oS ta ined  more d i r e c t l y  by i n t r o d u c i n g  
a very  narrow TOF window u i t h  a strobed  microwave 
power,  based on t h e   f a c t   t h a t   a t o m s  which a r e  
e x c i t e d   i n   b o t h   c a v i t i e s   h a v e  twice t h e   t r a n s i t i o n  
p r o b a b i l i t y  of t h o s e   w h i c h   a r e   e x c i t e d  i n  one  
on ly .  

I n   t h e  beam r e v e r s a l  method tire o r d e r  of t h e  
c a v i t i e s  is c h a n g e d ,   w h i c h   g i v e s   i n   p r i n c i p l e  a 
s w i t c h   i n   s i g n   f o r  5 and a f requency   va lue  
symmetr ica l ly   sh i f te8   f rom  the   unper turbed  
frequency.  

U n f o r t u n a t e l y   a l l   t h e s e   e x p e r i m e n t s   a r e   n o t  
c l e a n   i n   t h e   s e n s e   t h a t   o t h e r   e f f e c t s  of t h e  same 
o r d e r  of magnitude  nay well come i n t o   t h e   p i c t u r e  
w i t h   a n   i n t r i n s i c   c o n n e c t i o n   a n d   a f f e c t   t h e  
r e s u l t s .   I n   p a r t i c u l a r   t h i s  is t r u e   o f   d i s t r i b -  
u t e d   c a v i t y   p h a s e   s h i f t  [8,9,101 i f   t h e  beam does  
n o t   s k i m   t h e   c a v i t y   e n d s ,   a n d  of Rabi   pu l l i ng  
[ l l ] .   B o t h   t h e s e   e f f e c t s   c a n   a f f e c t   t h e  two 
mcthods   based   on   var ia t ions  of <T>, t h r o u g h   t h e  
ve loc i ty   dependence  of t r a j e c t o r i e s   ( a n d   h e n c e  of 
d Q )  and of t h e   s h a p e  of Rabi   wings ;   the  power 
s h i f t  method i n   a d d i t i o n  is d i f f i c u l t  t o  i n t e r p r e t  
because   o f   the   dependence  of R a b i   p u l l i n g  on 
microwave  power [ 1 1 1 ,  u n l e s s   u s e d   n e a r  a z e r o  
c r o s s i n g  of t h e  l a t t e r .  Rabi p u l l i n g   p e r t u r b s  
a l s o   t h e  beam reversa l   method,   due  to t h e  fact  
t h a t  TOF d i s t r i b u t i o n s  a re  n o t   t h e  sane i n   t h e  two 
beam d i r e c t i o n s   a n d  may t h e r e f o r e   c a u s e   d i f f e r e n t  
p u l l i n g   e v e n  a t  t h e  same C-f i e l d .  

- 

I n   t h i s   p a p e r  we r e p o r t  on a beam r e v e r s a l  
experiment  on t h e  NBS-6 primary cesium s t a n d a r d   i n  
which t h e   f r e q u e n c y  was measured i n  bo th  beam 
d i r e c t i o n s   a t   v a r i o u s   s e t t i n g s  of t h e   C - f i e l d  i n  
o r d e r  t o  s e p a r a t e   t h e   e f f e c t   o f   R a b i   p u l l i n g  from 
t h a t  of c a v i t y   p h a s e   s h i f t .  Tho l a t t e r  i n   f a c t  is 
expec ted   no t  t o  depend  on  C-field. 
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TOF dis t r ibu t ion   veasuremsnts   werz   per formed 
i n   b o t h  beam d i r e c t i o n s  and c o r r e c t e d   f o r   t h e  
t r a n s f e r   f u n c t i o n   o f   t h e   d e t e c t o r   s y s t e m  i n  o r d c r  
t o  compare c a l c u l a t e d   R a b i   p u l l i n g   c u r v e s   t o  
e x p e r i m e n t a l   r e s u l t s .   T n e   p u r p o s e   o f   t h i s  
experiment  was t o   o b t a i n   h i g h   a c c u r a c y   i n   t h e  
e v a l u a t i o n   o f   p h a s e   s 3 i f t   t h r o u g h   b c s t   f i t   o f  
t h e o r e t i c a l   c u r v e s   a n d   e x p e r i m s n t a l   p o i n t s  t o  
y i e ld   h igh   accu racy   i n   pos i t i on ing   t ' l e   n , J l l   Rnb i  
p u l l i n g   l i n e ,  and t o   g a i n   i n f o r m a t i o n   a b o u t   t h e  
z e r o   c r o s s i n g s   o f   R a b i   p u l l i n g .  The b e s t  
o p e r a t i n g   p o i n t s ,  w'lere t h e  power  dependence  of 
a l l   r e s i d u a l   e f f e c t s   c o m p e c s a t e  t o  y i e l d  
i n s e n s i t i v i t y  t o  microwave  power, a r e   e x p e c t e d  t o  
be   found   nea r   t he   C- f i e ld   s e t t i ngs   fo r   wh ich   t he  
z e r o   c r o s s i n g s   o c c u r .  O n l y  Am = 0 t r : n s i t i o n s  
w e r e   c o n s i d e r e d   i n   t h e   a n a l y s i s ,  however i t  
a p p e a r s   t h a t   i n t e r m e d i a t e  Am = f l  t r a n s i t i o n s  may 
b e   j u s t  a s  i m p o r t a n t   f o r   R a b i   p u l l i n g   d e s p i t e  
t h e i r   s m a l l   s i z e ,   s i n c e   t h e y   a r e   n e a r e r   t o   t h e  
c e n t r a l   c l o c k   t r a n s i t i o n .  

TOF D i s t r i b u t i o n s  

Eva lua t ion  of TOF d i s t r i b u t i o n s   i n   s t a t e s  m = 

0 ,  ?- 1 was c a r r i e d   o u t   f o r   b o t h  beam d i r e c t i o n s  
wi th  a t i m e   o f   f l i g h t  method us ing  Ld as a l e n g t h  
b a s i s .  Microwave p u l s e s  1 . 3  ms long  were  used a t  
a 90 ms r e p e t i t i o n   r a t e  and t h e   d e t e c t e d   s i g n a l  
W ~ S  then   procpssed  i n  a multichannel  s:gnal 
3veragcr   for   var ious   micrcwave   power   l eve ls  f o r  
each   of   the   ana lyzed  m s u b l e v e l s .   I n   f i a .  2 t h e  
enve lopes   o f   t hese   r e sponses   a r e   r epor t ed   fo r   t he  
t h r e e   c e n t r a l   s u b l e v e l s   i n   t h e   w e s t - t o - e a s t  beam 
direction ( W E ) .  F i r s t  and  second peaks come from 
t h e   s e c o n d  and f i r s t   c a v i t y .  
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Fig .  2. E n v e l o p e s   o f   d e t e c t e d   p u l s e   r e s p o n s e s   a t  
v a r i o u s  microwave  power l e v e l s   f o r   t h e   t h r e e  
c e n t r a l  Am=O t r a n s i t i o n s  !m=O,f1 ) .  Tne  small  
f e a t u r e   o n   t h e   l e f t  is l e a k a e e   i n t o   t h e   d e t e c t o r  
of t h e  microwave   pu ls ing   s igna l .  

The  waveform d i s t o r t i o n   e f f e c t  of  t h e  
d e t e c t o r   s y s t e m ' s   t r a n s f e r   f u n c t i o n   i s   e v i d e n t   i n  
t h e  non i d e a l   r a t i o   b e t w e e n   t h e   h e i g h t s   a n d   d e l a y s  
from t h e  micrcwave  pulse  of  the two peaks 
I d e a l l y   t h i s   r a t i o   s h o u l d  be c= (l-L/Ld)- '  = 5.75 
a s   c a n   b e   s e e n   f r o m   F i g .  1 ,  b u t   t h e   l i m i t e d  
bandwid th   o f   t he   sys t em  t ends   t o   cu t   t he   sha rp  
f i r s t  peak  snd a l t e r   t h e   r e l a t i v e   p o s i t i o n i n g   o f  
t h e  two by i n t r o d u c i n g  a d e l a y  which is more 
impor t an t   fo r   t he   sha rpe r   peak .   Unfo - tuna tc ly   t he  
t r a n s f e r   f u n c t i o n   c a n n o t   b e   e a s i l y   m e a s u r e d  
because i t  i n c o r p o r a t e s   p a r t s   o f   t h e   d e t e c t i o n  
s y s t e m   w h i c h   a r e   n o t   a c c e s s i b l e   f o r   c o n t r o l l e d  
e x c i t a t i o n  from t h e   o u t s i d e   o f   t h e   t u b e .  A 
computer  program  was  assembled t o  perform t h e  

deconvo lu t ion  f r o m   t b e   d e t e c t o r  syst,t.ir's t r a n s f c r  
f u n c t i o n .  An input.  waveform x ( t d )  of  t l e   f o r n  

X ( T d )  = IP(STd) + P ( T , )  ( 7 ) 

where P ( T ~ )  i s   t h e  unknown TOF d i s t r i b u t l o n ,  w > s  
assumed t o  be t h e  beam r e s p o n s e   t o   t h e  microwave 
pulse ,   and t h e  c a l c u l a t ~ d   o u t p u t  h7-lveform  from t h e  
assurnec d e t e c t o r  system was coclpwed t o   t h e  
exporim?ntsl   waveform.  Cptimization  of 3 smoothed 
l e a s t   s q u a r e  f i t  f o r   t h i s  co rnpap i son   fo r   d i f f e ren t  
z e r o - p o l e   c o n f i g u r a t i o n s   o f   t h p   d e t e c t o r   s y s t e n  
y i e l d e d   c o n s i s t e n t l y   t h e  same d e t e c t o r   t r a n s f e r  
f u n c t i o n   f o r   a l l  measured  waveforms i n   b o t h  
d i r ? c t i o n s ,   a n d   t h e r e f o r e  a h igh   deg ree   o f  
c o n f i d e n c e   i n   t h r   c l p a b i l i t y   o f   t h e   c o m p u t e r  
program t o   f i n d   r e a l  TOF d i s t r i b u t i o n s .  In f i g .  3 
t h e   d o c o n v o l v e d   d i s t r i b u t i o n s  for  t'he m = D l e v e l  
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Fig.  3. Real TOF d i s t r i b u t i o n s  p , ( ~ , )  for t h e  two 
beam d i r e c t i c n s   ( s c l i d   l i n e s )   o b t a i n e d  by 
d e c o n v o l u t i o n   f r o r   t h e   d e t e c t o r  systen's t r ans fe r '  
f u n c t i o n   a r e  compared t o   t h e   I l a x w r l l i ? n   d i s t r i b u -  
t i o n  P . . ! ( T ~ ) .  The  b r o k e n   l i n e s  a r e  d i s t r i b u t i o n s  
A 1 ( ~ d )  a s  ob ta ined   u s in€  (3). 

i n   b o t h   d i r e c t i o n s   a r e   r ? ? o r t e d .  Co.nparison with 
t h e   X a x w e l l i a n   3 l s t r i b u t i o n   i n   t h e  bparn, 
c a l c u l a t e d   f o r   t h e  o7t:n tc.mpersture  of 79OC used 
in   t he   expe r imen t s ,   enab le s   one  t o  r c r o v e r   t h c  
r e l a t i v ?   h - i g h t s   o f   t h e  two d i s t r i b u t i o n s  
( c o n s i s t e n t   w i t h  me3sured bc?am i n t e n s i t i e s )  ?nd t o  
c a l c u l a t e   t h e   b e a n   o p t i c s   s e l e c t i o n   f u n c t i o n s  
G o ( ~ d )  f o r   t h e  two S€,am d i r c c t i o n s ,  which a r e  
shown in   F ig .  4.  I n   f i g .  3 
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Fig.  4 .  Beam o p t i c s   a p p e a r   d i f f e r e n t   i n   t h e  t r o  
be?m d i r e c t i o n s .  TCF windows f o r   t h e  r c = O  s u b l e v e l  
3s derived  f rom  Fig.  3 a r e  sho-dn h e r e ,  
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t h e   d i f f e r e n t i a l   d i s t r i b u t i o n s  C l  h d )  = P ~ ( T ~ ) -  

( l d )  a r e   a l s o  shown f o r   t h e  two d i r e c t i o n s .  
Recause   o f   t he   no re   accep tab le   s igna l - to -no i se  
r a t i o   i n  t h e  a c q u i s i t i o n  of p, x i t h   r e s p e c t  t o  t h e  
d i f f e r e n c e  A ,  t h e  l a t t e r  vlas c l l c u l a t e d   f r o m   t h e  
approximated  formula 

dCO 
h l (Td)  = C I T d  q p ! , ( l d )  ( 3 )  

i n  which  cl  was  evaluated  from  the  asymmetry  in 
t h e  ? 1 t r a n s i t i o n s   s a t u r a t e d   i n t e n s i t y  [ l l !  u s ing  
t h e  corrected d i s t r i b u t i o n s   f o r   e v a l u a t i o n   o f  < T > ,  
a n d   f r o m   t h e   r e l a t i v e   d i s p l a c e m e n t s   o f   c a l c u l a t e d  
C , l ( ~ d )  w i t h   r e s p e c t  t o  G O ( l d ) .  I t  t u r n e d   o u t  
t h a t   a l l   d a t a  were c o n s i s t e n t  i f  was 
assumed t o  be 8% i n   b o t h   d i r e c t i o n s ,  whict: 
c o r r e s p o n d s   t o   z n   a v e r a g e   f i e l d   o f  0.4 T i n   t h e  
d e f l e c t i n g   m a g n e t s .  T h i s  v a l u e  i s  cons i s t . ?n t   w i th  
t h e  p u b l i s h e d   d a t a  of 0.9 T a t  t h e   t i p  of t h e  
convex  pole-piece [ l ? ] .  Thp A d i s t r i b u t i o n s  
c a l c u l a t e d   i n   t h i s  way a n d   r e p o r t e d   i n   F i g .  3 were 
t h e r e f o r e   u s e d   f o r  t h e  c a l c u l a t i o n  of tile 
R a b i - p u l l i n g   e f f e c t  by  t he  f o r n u l a s  g i v e n   i n  r i l l .  

Frequency  Measurements 

P.vcrnging times of  6 t o  1 2  hours  were  used  in 
frequency  measurements,  w h i c h  s h o u l d   i n   p r ' n e i p l e  
p rov ide  ;in m c c r t a i n t y   o f  few p a r t s   i n  1 O l 4  f r o 3  
t h e  NBS-6 s t a b i l i t y   c o n t r i b u t i o n   a t  t h e  low s o u r c e  
temperaturs   used  in   the  experiment .   The  measure-  
ments were t aken  by comparison  with SPHX-4 $ass i v e  
hydrogen masor ,  which is s t a b l e   i n   t h e  1 0  
r e g i o n   f o r   t h a t   l e n g t h   o f  time C131, and  then 
referred on a two  day b a s i s  t o  t h e  f requenzy of 
A T l ,  uh i ch  is cons t ruc t ed   f rom  an   ave rage  of 
comm r c i a l  s t anda rds   and  is s t a b l e   i n  the low 
l"-' ' from two days  on.  The 1 o measur?ment 
u n c e r t a i n t y  was e s t ima ted  t o  be  f 5 x a t  
l e a s t   f o r   t h e   p o i n t s  w i t h  small  microwave  power 
dependones.  

Two se r i e s  of measurements were t a k e n   i n   t h e  
two beam d i r e c t i o n s  a t  va r ious   C- f i e ld   and  
microwave  power s e t t i n g s ;   t h e   r e s u l t s  for optimum 
microwave  power a r e   r e p o r t e d   a s  a f u n c t i o n   o f   t h e  
Zeeman fr;.quen-y o f   t h e  m = 1 component i n   f i g .  5. 
U n f o r t u n a t e l y   t h e  time a v a i l a b l e   f o r   t h e s e  
measurements d i d  n o t   a l l o w  u s  t o  c o 3 p l e t e  t h e  set  
a t  low C f i e l d s   f o r  t h e  EW d i r e c t i o n ,  i t  is  
h o w e v e r   e v i d e n t   t h a t   t h e   g e n e r a l   b e h a v i o r  of t h e  
e x p e r i m e n t a l   p o i n t s   a g r e e s   w i t h   t h e   s h a p e   o f   t h e  
t h e o r e t i c a l l y   c a l c u l a t e d   c u r v e s .  

The  power  dependence  of a p o i n t   n e a r  a zero 
c r o s s i n g   o f  Rabi  p u l l i n g   a n d   n e a r  a  maximum are  
shown i n   f i g .  6 f o r   t h e  WE beam d i r e c t i o n .  

- 2  0 1 0 2 0 ~ 4 0 5 0 6 0 7 0  I I I I I I l 

fz 

Zeernan  frequency for the m = l  transition (kHz) 

Fig. 5. Frequency  measurements ,   corrected f o r  
C - f i e l d  s h i f t ,  a re  r e p o r t e d   h e r e   f o r  t h e  two 
d i r e c t i o n s  ( G = E X ,  x=WE) a s  a f u n c t i o n   o f   t h e  
Zeeman frequency of t h e  m = + l  A m = O  t r a n s i t i o n .  
The s o l i d   c u r v e s  a r e  R a b i - p u l l i n g   c u r v e s  
c a l c u l a t e d  from t h e  TO? d i s t r i b u t i o n s   o f   F i g .  3.  
I t  a p p e a r s   t h a t  a s t r e t c h i n g   o f  these cu rves  by a 
f a c t o r  of approximately 2 is n e c e s s a r y   t o   m a t c h  
e x p e r i n e n t . ? l   p o i n t s .  I t  is s u g g e s t e d   t h a t  t h e  
s p u r i o u s  h = + 1  t r a n s i t i o n s  may have  an  important  
ro le  i n  t h i s  disagreement .  

CO', f, = 30,8 kHz 

m f, = 39,4 kHz 

+1x10-'2 

VNBM - VAT, 

V0 

0 

-1 x 10 -12 
- 4  -2 Popt +2 + 4  

dB 

Fig. 6 .  Microwave  power  dependence of frequency 
for two C - f i e l d   s e t t i n g s   i n   t h e  WE d i r e c t i o n .  The 
s tandard   shows a much lower power  dependence  near 
t h e   z e r o   c r o s s i n g s  of Rabi p u l l i n g .  

E f f e c t  of t h e  Am = f 1 T r a n s i t i o n s  

I n   f i g .  5 t h e  f u l l  c u r v e s  arc t h e   r e s u l t  of 
ca l cu la t ions   based   on   t he   measu red  TOF d i s t r i b u -  
t i o n s ,  corrected f o r  t h e   d e t e c t o r   s y s t e m ' s  
t r a n s f e r   f u n c t i o n .  I t  t u r n s   o u t   t h a t  a s t r e t c h i n g  
o f   t h e s e  curves ( s h r i n k i n g  of t h e  Zeeman a x i s )  by 
abou t  a f a c t o r   o f  2 would p rov ide  a very  good 
m a t c h   o f   t h e o r e t i c a l   c u r v e s   a n d   e x p e r i m e n t a l  
p o i n t s .  The   broken   curves   in   f ig .  5 have  been 
ob ta ined  by s t r e t c h i n g   t h e  so l id  cu rves  by a 
f a c t o r   o f   1 . 3 5 .  

T h i s   f a c t  seems t o  s u g g e s t   t h a t   t h e  Am = f 1 
f i e l d   d e p e n d e n t   t r a n s i t i o n s ,   w h i c h  a re  i n  
p r i n c i p l e  small because  they are e x c i t e d  by t h e  
unwanted o s c i l l a t i n g  B f i e l d  component  perpendicu- 
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l a r  to C- f i e ld ,  b u t  a r e   t w i c e   a s   n e a r  t o  t h e  ( 0 , O )  
t r a n s i t i o n   t h a n   t h e  (1 .1 )  and ( - l , - l ) ,  may have a 
s t r o n g   e f f e c t   d u e   t o   t h e   d i f f e r e n t i a l   s l o p e   o f  
t h e i r   w i n g s .  

T h i s   h y p o t h e s i s  seems s u r p r i s i n g  i f  t h e   s i z e  
of t h e s e   t r a n s i t i o n s  is o b s e r v e d   a t  a h igh   C- f i e ld  
a t  which  they  can be i s o l a t e d .   a s   i n   f i g .  7 .  
However a n   a c t u a l   c o m p a r i s o n  of measured 
l i n e s h a p e s  shows i n   f i g .  8 t h a t  i t  may well b e   t h e  
c a s e   t h a t   t h e s e  Am = f l t r a n s i t i o n s   h a v e  a 
g r e a t e r   p u l l i n g  effect  than   t he   ne ighbor ing  Am = 0 
t r a n s i t i o n s .   F u r t h e r   a n a l y s i s  and expe r imen ta l  
d a t a  are c l e a r l y   n e c e s s a r y   t o   r e a l i z e   a n   a c c u r a t e  
d e s c r i p t i o n  of t h i s   a s p e c t  of the  problem. 

I 

-102 kHz 
-204 kHz c 

Fig.  7. Tube   r e sponse   a t   h igh   C- f i e ld .  Power is 
abou t  l dB above  optimum. 

f,= 15 kHz l 

Fig .  8.  Comparison of the   wings  of a Am=_+l 
t r a n s i t i o n   ( s o l i d   l i n e )  and a Am=O t r a n b i t i o n  
( b r o k e n   l i n e )  as they.  appear  superimposed  near 
c e n t e r   f r e q u e n c y  fo r  t h e   i n d i c a t e d  f irst  s ide  l i n e  
Zeeman frequency.  

Conclusions 

Al though  no t   every th ing  is unde r s tood   i n   t he  
r e s u l t s  of the   measurements   p resanted   in   th i s  
pape r ,  i t  is c l e a r  from f i g .  5 t h a t  a n  a c c u r s t e  
p o s i t i o n i n g   o f   t h e   z e r o  Rabi p u l l i n g   c a n  be 
a c h i e v e d   i n  b o t h  d i r e c t i o n s   o f   t h e  beam, r e s u l t i n g  
i n  a v a l u e   f o r   t h e   e n d - t o - e n d   c a v i t y   p h a s e   s h i f t ,  
6$, which  appea S t o  have   an   unce r t a in ty   o f  less 
t h a n  + 5 x IO-’‘. Ne  wi l1 t h e r e f o r e   s t a t e  as ou r  
r e s u l t  

I = ( 4 . 5  4. 0 .5 )  x 10-’3 
v 6 $  

(4) 

T h i s  i s  q u i t e   c o n s i s t e n t   w i t h   p r e v i o u s l y   p u b l i s h e d  
r e c e n t   r e s u l t s   f o r  t h e  c a v i t y   p h a s e   s h i f t   o f  NBS-6 
shown i n   f i g u r e  9. 

Fig.  9 .  R e c e n t   p u b l i s h e d   r e s u l t s   f o r   t h e   c a v i t y  
p h a s e   s h i f t   o f  NaS-6. 

The  change  in  the  measurements  with time h a s  
b e e n   o f t e n   i n t e r p r e t e d   a s  a d r i f t   o f   t h e   p h a s e  
d i f f e r e n c e  i t se l f  poss ib ly   due   t o   unequa l   ce s ium 
depos i t i on .   A l though   t h i s  is q u i t e   p o s s i b l e  we 
s u g g e s t   h e r e   t h a t   c a r e  must  be  taken irl drawing 
c o n c l u s i o n s   b e c a u s e   t h e   R a b i   p u l l i n g   e f f e c t   h a s  
no t   been   adequa te ly   accoun ted   fo r   i n   t he   pas t .  
However, i t  t u r n s   o u t   t h a t   a l l   t h e s e   m e a s u r e m e n t s  
have   been   taken   a t   C-f ie ld   va lues   for   which   the  
R a b i   p u l l i n g  is r e l a t i v e l y  small. 

The Rabi p u l l i n g  is s t rongly   dependent  on 
microwave  power a t  mos t   C-f ie ld   va lues   and   the  
f i e l d   v a l u e s   w h e r e  t h i s  dependence  vanishes  may 
depend   on   any th ing   a f f ec t ing  beam op t i c s :   f rom 
t h e   f i e l d   s t r e n g t h   o f   s e l e c t i n g   m a g n e t s   ( a n d   t h e i r  
demagne t i za t ion   w i th  time), t o  sou rce   and   de t ec to r  
p o s i t i o n   ( w i t h   e a c h  beam r e v e r s a l ) ,  t o  changes 
in t roduced  by major   redes ign   of   tube   ends  a s  i n  
t h e  mod i f i ca t ion   o f  NBS-5 i n t o  NBS-6. I t  can b e  
e x p e c t e d   t h a t   o n c e   t h e   e f f e c t   o f  a l l  these 
v a r i a b l e s  on t h e   z e r o   c r o s s i n g   p o s i t i o n s   o f   t h e  
R a b i   p u l l i n g  is unde r s tood   and   r epea tab i l i t y   can  
be   guaranteed  t o  t h e   n e c e s s a r y   d e g r e e ,   t h e  
documented  accuracy  c la ims  for  NSS-6 may improve 
t o  1 ss t han  and p o s s i b l y  t o  few p a r t s   i n  

t h e   r e s i d u a l   u n c e r t a i n t i e s   b e i n g   p r o b a b l y  
due  in   such a c a s e   t o   e l e c t r o n i c s   a n d  C - f i e l d  
inhomogene i ty .   The   l ong   t e rm  s t ab i l i t y   shou ld  
a l s o   b e n e f i t   f r o m   o p e r a t i o n  a t  a z e r o   p u l l i n g  
poin t   because   o f  t h e  smal l   f requency   dependence  on 
microwave  power. 
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